Optical absorption features for 7 F 0 0 ! 5 L 6 0 and 7 F 0 0 ! 7 F 6 0 transitions of trivalent americium ion were investigated in a wide range of aqueous combinations of perchloric and nitric acids (0.1-6.0 mol L À1 ). The developed qualitative matrix of extinction coefficients measures the cumulative impact of increasing electrolyte content, changes in the hydration zones of americium ion, and inner-sphere perturbation by nitrate on the absorbance. The effects of growing complexity of aqueous electrolyte medium were highlighted for the 7 F 0 0 ! 5 L 6 0 transition. Spectroscopy indicates the perturbation of the inner hydration sphere of trivalent f-element by one nitrate ligand.
Introduction
The recovery of valuable, unused resources present in irradiated nuclear fuel requires chemical treatment. 1 The resulting byproducts of such recycle efforts are destined for geologic storage, after initial immobilization within an inert composite. One of the challenges of the efficient, long-term waste form fabrication is the thermal heating originating from nuclear decay of various radioisotopes present in the processing effluents. 1 The initial heat load of used nuclear fuel is dominated by the fission product decay (Cs-137, Sr-89); however, beyond $100 years of storage, actinides (Pu-239, Np-237, Am-241, Am-243) become major contributors. The isolation of uranium, neptunium, and plutonium is guided by the easy access to their multiple oxidation states, allowing the production of U/Pu mixed oxide fuel. 1 Chemical similarities of trivalent americium and trivalent lanthanide fission products complicate the isolation of the latter actinide.
Novel separation methods continue to evolve to ensure the recovery of all actinides prior to waste form production and geologic storage. 2, 3 Those developmental efforts rely on presence of thermodynamic information describing solution behavior of actinide ions, which may be acquired only if their content is accurately determined. Tian and Shuh showed that reliable determinations of trivalent americium ion, in the parts per million (ppm) to parts per trillion (ppt) concentration range, may be performed through a simple spectrophotometric measurement based on a Laporte forbidden electronic 5f 6 !5f 6 transition yielding a sharp absorption at 503 nm. 4 The authors demonstrated that optical properties of this absorption band vary significantly upon instrumental parameters. The peak maximum at 503 nm was only attained when a 0.2 nm spectral band width (SBW) was selected, showing the adherence to Beer-Lambert law. This demonstration disputed previous spectroscopic studies of the trivalent americium ion, which argued the absorbance at 503 nm does not obey the Beer-Lambert relationship. 5, 6 Hall et al., in 1954 , studied the influence of the spectrometer slit width on peak height determination of Am 3þ absorption at 503 nm. 5 The authors showed that peak maximum cannot be determined using the selected band widths of Aqueous Separations and Radiochemistry, Idaho National Laboratory, Idaho Falls, ID, USA 1.0, 2.5, 5.0, and 7.5 nm; however, good estimations of trivalent americium in solution may be achieved if instrumental settings are held constant during calibration and sample measurement. For several decades, this instrument-specific sensitivity of the optical absorption amassed a wide spectrum of molar absorptivity values in the literature. The extinction coefficients reported for Am(III) in noncomplexing perchloric acid mixtures vary between 322, 7 378, 8 380, 9 391, 6 405, 10 410, 11 413, 12 423 AE 4 4 , and 430 12 cm À1 M À1 . When combined with various anion complexation effects in aqueous electrolyte mixtures this spectrum widens due to strong impacts of ligands on the inner f-f orbital transitions. Some reported extinction coefficient values for 503 nm absorption are 200 cm À1 M À1 in 8 mol L À1 LiNO 3 , 9 168 in 10 mol L À1 HNO 3 , 8 345 in 0.5, 2.5, 5.0, and 10 mol L À1 HCl, 5 350 in 1 mol L À1 NaSCN, 14 and 334 in 1 mol L À1 Na 2 CO 3 . 11 Such a wide range of reported values prevents confident determination of americium based on the Beer-Lambert relation, emphasizing the need for a systematic collection of spectral information at standard instrumental settings. The study by Tian and Shuh reported a van't Hoff relationship (10-85 C) for the complexation of Am 3þ with nitrate in 1 mol L À1 H þ ClO À 4 , NO À 3 À Á . 4 The authors showed a significant influence of temperature on the intensity of the absorption due to the 7 F 0 0 ! 5 L 6 0 transition. Spectral changes due to Am 3þ coordination by nitrate were comparable to temperature-based influences. The small nephelauxetic effect of nitrate in the optical spectra of Am 3þ was also evident. Choppin et al. discussed the effects of selected ligands NO À 3 , SCN À , Cl À , ClO À 4 , acetate) on the optical absorption for 4 I 9/2 ! 2 G 7/2 , 4 F 5/2 transition of trivalent neodymium. 15 The authors demonstrated that spectral changes are much more profound due to the presence of nitrate, relative to other weakly coordinating anions, presumably originating from the perturbation of inner hydration zone of the metal ion. Large impacts of nitrate coordination on the optical absorption of Am 3þ , as evidenced by large changes in relative values of the extinction coefficient values, are apparent in studies by Mincher et al. and Yakovlev and Kosyakov. 8, 16 The important role of nitrate coordination on the absorption characteristics of Am 3þ prompt further spectrophotometric inquiry beyond the narrow experimental conditions of 1 mol L À1 H þ ClO À 4 , NO À 3 À Á reported by Tian and Shuh. 4 Two absorption bands of trivalent americium ( 7 F 0 0 ! 5 L 6 0 transition at 503 nm and 7 F 0 0 ! 7 F 6 0 transition at 813 nm) were monitored when nitric acid progressively replaced the perchloric acid in aqueous electrolyte mixtures of 0.1, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, and 6.0 mol L À1 total acidity. The extinction coefficient trends show that both transitions are indicative of changes to the inner hydration zone coordination environment of the americium ion. Both absorption bands show large spectral impacts due to the presence of nitrate. In addition, the absorption band at 503 nm appears sensitive to ion activity effects in its response to the ability of perchlorate to reorganize the structure of water. Stability constants for complexation of trivalent americium by nitrate have been determined. Numerous determinations of trivalent f-element interactions with nitrate ligand are invoked to discuss the observed changes in spectroscopic features in terms of inner and outer sphere complexation, activity effects, and their impacts on the electronic transitions of trivalent americium ions.
Experimental

Preparation of 243 Am Stock
Extreme caution should be taken when handling radiological materials. Americium oxide (99.9% 243 Am 2 O 3 , 0.1% 241 Am 2 O 3 ) was dissolved in concentrated HNO 3 inside a radiological glove box. Two aliquots, each containing 6 mg of americium, were retrieved for further purification and use throughout the spectrophotometric studies. Solutions containing 243 Am were prepared in radiological HEPA-filtered ventilation hoods approved for handling radiological materials. Experimental mixtures for the spectrophotometric analyses were prepared using a stock Am(ClO 4 ) 3 solution in 0.1 mM HClO 4 . To prepare the stock, the trivalent americium was adsorbed from $6 M HNO 3 on a DGA extraction chromatographic resin (Eichrom) and eluted with 0.02 M HCl. Hydrochloric acid was removed through a series of evaporative cycles, where HPLC-grade H 2 O (Aldrich) was added when contents approached near-dryness. A final dilution was made using 0.1 mmol L À1 HClO 4 . The americium concentration was identified as the x intercept of a relationship describing changes of the optical absorptions at max ¼ 503.05 nm for Am 3þ solutions as titrated with diethylenetriaminepentaacetic or pentetic acid (DTPA).
The acid form of DTPA (Aldrich) was twice recrystallized from hot water and used to prepare the complexing mixture for the standardization efforts. To initially determine the concentration of DTPA, an aliquot was titrated using NaOH standardized using potassium hydrogen phthalate. The difference between the equivalence points for multiple titrations yielded the concentration of DTPA in titrant. The comparison of the theoretical concentration of DTPA (based on mass of recrystallized solid) and the observed content indicated 99.7% reagent purity. Solutions for spectrophotometric studies were prepared gravimetrically and molar concentrations were determined using densities of HClO 4 : HNO 3 mixtures. The Am 3þ stock was diluted using 0.1 and 6.0 mol L À1 acid solutions at each investigated HClO 4 : HNO 3 ratio (0%, 20%, 40%, 60%, 80%, and 100% nitric) to prepare 0.7, 0.6, 0.5, 0.4, and 0.3 mmol L À1 Am 3þ mixtures. Those solutions were blended accordingly to produce 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 mol L À1 H þ ClO À 4 , NO À 3 À Á conditions for each investigated Am 3þ concentration. All americium concentrations for mixtures used in this study and the concentrations of perchloric and nitric acid combinations are listed in Tables S1 and S2 of the supporting information section, respectively.
Spectroscopy
Spectrophotometric analyses were performed using a Cary6000i ultraviolet-visible-near-infrared (UV-Vis-NIR) spectrophotometer. Quartz cuvettes with sealable caps (Starna) with a 1.0 cm optical path length were filled inside a radiological hood, surveyed out, and housed inside a cell changer maintained at 20.0 AE 0.2 C. The choice of temperature was based on reporting spectral information of highest applicability to measurements performed without the accessory for constant temperature control. All absorption measurements were referenced to the blank solution, which contained the same acid concentrations, but no americium. An absorption spectrum was measured under the following instrumental settings: Preliminary experiments for Am 3þ absorption at 503.05 nm revealed that maximum absorption does not differ if spectral bandwidth is shortened further. The measurements in the wavelength range from 550 to 450 nm and 850 to 750 nm were performed to collect optical absorption information for 7 F 0 0 ! 5 L 6 0 and 7 F 0 0 ! 7 F 6 0 transitions of trivalent americium, respectively. Baseline drift and the error introduced by cuvette repositioning were corrected using the PeakAnalyzer function of OriginPro 2015 software. Growing nitric acid concentrations resulted in redshifted transition of both investigated peaks. Absorbances at maximum peak height were used throughout to monitor the Beer-Lambert relationship and extrapolation of molar extinction coefficients. The coordination of trivalent americium by nitrate was quantified by monitoring the changes in the optical absorption spectra of Am 3þ using HypSpec 2014 program. 17 
Results
Extinction Coefficient Measurements
The Beer-Lambert relationship was monitored for two optical absorption bands of trivalent americium at 503 and 813 nm, while transitioning the aqueous electrolyte from a non-complexing environment of perchloric acid to the coordinating chemistry of nitric acid. Spectral information was collected for eight total acid concentrations (0.1, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, and 6.0 M) at six different HClO 4 : HNO 3 proportions. Figure 1a presents representative spectra for one of those conditions, where the max of 503.05 nm absorption peak was monitored at five concentrations of trivalent americium in 3.0 M HClO 4 . The inset in Fig. 1a shows the adherence to the Beer-Lambert law, yielding an extinction coefficient of 441 AE 2 cm À1 M À1 . Spectrophotometric characterizations of 7 F 0 0 ! 7 F 6 0 transition for trivalent americium at all investigated HClO 4 / HNO 3 proportions were also performed. Figure 1b shows the Beer-Lambert analysis for max ¼ 813.03 nm peak collected for 6.0 mol L À1 total acid condition, where 80% HClO 4 / 20% HNO 3 proportion was present. Similar to 503 nm absorption, the inset in Fig. 1b shows that peak at 813 nm follows the Beer-Lambert relationship, yielding the extinction coefficient of 68.5 AE 1.0 cm À1 M À1 . Linear regression analyses mapped the relationships between optical absorbance at max and concentration of americium for 48 spectral sets, yielding extinction coefficients according to the Beer-Lambert equation (A ¼ ebc). Figure 2 describes the observed changes in the optical absorption features for both americium transitions due to changes in total aqueous acidity and nitrate coordination. Table 1 lists the determined molar extinction coefficients, whereas the linear regression parameters for each correlation are provided in Table S3 in the supporting information section. Molar absorptivity of Am 3þ at 503 nm decreased across the 0.1-6.0 M HClO 4 range (slope ¼ -2.6 AE 0.9 (3r)), 
Effect of Nitrate Coordination
Decreasing trends of molar extinction coefficients were found for all regression analyses due to increasing presence of the nitrate ion. To visualize the spectral changes the comparison of the influence of growing concentrations of (a) perchlorate and (b) nitrate anions on the optical absorption corresponding to the 7 F 0 0 ! 5 L 6 0 transition of Am 3þ is presented in Fig. S1 (Supplemental Material). To gain a quantitative measure of the extent of Am 3þ coordination by nitrate the stability constants of the Am 3þ /nitrate complex formation were calculated using a nonlinear least squares regression refinement tool as implemented in the HypSpec software. 17 The theoretical representation initially used a two component model describing presence of free Am 3þ and the 1:1 Am(NO 3 ) 2þ complex as described by Eq. 1. The importance of 1:2 AmðNO 3 Þ þ 2 complex stoichiometry, as described by Eq. 2, was also simulated to monitor effects of convergence on the value of the binary complex.
The calculated molar absorptivities for Am 3þ and Am(NO 3 ) 2þ in 1 mol L À1 H þ ClO À 4 , NO À 3 À Á are shown in Fig. 3a. Figure 3b demonstrates a broader effect of nitrate coordination of Am 3þ ion, showing the observed changes to the calculated molar absorptivities for Am(NO 3 ) 2þ ion when transitioning from 0.5 to 6 mol L À1 H þ ClO À 4 , NO À 3 À Á .
Two absorbing species (Am 3þ and Am(NO 3 ) 2þ ) were identified throughout investigated acidities. The stability constants for the formation of Am(NO 3 ) 2þ complex are listed in Table 2 . Spectral changes at 0.1 mol L À1 H þ ClO À 4 , NO À 3 À Á were small, indicating the nitrate ion coordination with americium is not sufficient to permit the calculation of the stability constant.
Effect of Ionic Strength on Trivalent f-Element Complexation Using Nitrate
The calculated logb 1 values for the formation of Am(NO 3 ) 2þ complex decrease as the concentration of the background electrolyte increases (0.5 < I < 3.0 mol L À1 ), and statistically match at higher acid concentrations (3.0 < I < 6.0 mol L À1 ). The trivalent americium (5f 6 ) ground state term 7 F, is split into seven levels due to spin-orbit coupling, with 7 F 0 0 of lowest energy. 18 Their close proximity promotes 18 The assignment of two f-f transitions under investigation here has been generally accepted as transitions to degenerate energy levels of high multiplicity. 19 Those are based on single crystals of americium chloride and lanthanum(III) chloride (AmCl 3 -LaCl 3 ), where the C 3h symmetry (nine-coordinate) is assumed for trivalent americium ion. 19 The group of electric-dipole transitions from ground state to a J ¼ 6 level in this symmetry, assigned as 5 L 0 6 , yields an intense optical absorption with peak maximum at 503 nm. 19, 20 A broad absorption feature with maximum at 813 nm corresponds to the overlap of multiple electric-dipole transitions to J ¼ 5 and J ¼ 6 levels, assigned as 7 F 0 0 . 18, 19 The extinction coefficient reported by Tian and Shuh 4 for the 7 F 0 0 ! 5 L 6 0 transition of trivalent americium ion in 1 mol L À1 HClO 4 (e ¼ 423 AE 4 cm À1 M À1 ) is lower than the value determined in this study (e ¼ 446 AE 4 cm À1 M À1 ). Also, the reported extinction coefficients for the 7 F 0 0 ! 7 F 6 0 transition statistically differ. Tian and Shuh reported e ¼ 71.3 AE 1.0 cm À1 M À1 , compared with e ¼ 73.1 AE 0.6 cm À1 M À1 determined here. The observed variance may partly be due to a 5 C difference between the two studies. It is important to note that the reported Beer-Lambert relationships for the collected spectral signatures of Am 3þ are directly anchored to complexometric standardization method. The purity of aminopolycarboxylate complexant DTPA is of utmost importance for its accurate determination using potentiometry, which in turn, propagates the uncertainty of Am 3þ content in experimental mixtures.
Yakovlev and Kosyakov reported no differences in the extinction coefficients for 7 F 0 0 ! 5 L 6 0 and 7 F 0 0 ! 7 F 6 0 transitions of Am 3þ when 0.1 mol L À1 HClO 4 is replaced by 6 mol L À1 HClO 4 . 8 In contrast, a small dependence on the concentration of perchloric acid was observed only for the optical absorption corresponding to the 7 F 0 0 ! 5 L 6 0 transition. This influence of the aqueous electrolyte medium was small, but statistically significant, resulting in a roughly 4% decrease in the molar absorptivity when transitioning from 0.1 M to 5.9 M HClO 4 ( Table 1 ). This trend is absent for the 7 F 0 0 ! 7 F 6 0 transition, where the determined extinction coefficients statistically match throughout the investigated range of perchloric acid content. Accordingly, the 7 F 0 0 ! 5 L 6 0 transition of trivalent americium shows enhanced sensitivity to environmental effects, relative to 7 F 0 0 ! 7 F 6 0 transition. Shiloh et al. prescribed that strong environment effect would be expected for a transition to the first excited level with J ¼ 6. 9 Breen and Horrocks, using luminescence excitation spectroscopy, reported no influence of perchlorate on the 7 F 0 ! 5 D 0 transition of Eu 3þ , but found small changes for 7 F 0 ! 5 D 1 in presence and absence of 6 mol L À1 NaClO 4 . 21 The authors attributed this ''perchlorate effect'' to the enhanced presence of water inside the inner-hydration zone of europium due to high outer-sphere presence of ClO À 4 ion. Alternatively, it is feasible to argue that the structure-breaking influence of perchlorate [22] [23] [24] [25] in the second hydration sphere of the metal disrupts the hydrogen-bonded hydration network, thus changing the electronic structure around the metal center. Small perturbations of the inner-hydration zone may be manifested by changes in the oscillator strength for a transition, as predicted by Stavola et al., and later Blasse and Brixner, for the emission spectra of lanthanide ions. [26] [27] [28] [29] Similarly, small environmental effects may alter the shapes of the ground and excited state potential wells, changing the intensity of vibronic transitions.
Trivalent f-Element Complexation Using Nitrate
The stability constants for 1:1 complexation of Am 3þ by the nitrate ion reported in literature average to logb 1 of 0.25 AE 0.05 (I ¼ 1.0 mol L À1 ), 18, 29, 30 whereas those determined for Pm 3þ average to logb 1 of 0.33 AE 0.06 (I ¼ 1.0 mol L À1 ). 18, 31 These studies list the stability constants collected using the ion exchange and extraction methods, which typically are higher relative to those reported in Table 2 . Such methods of thermodynamic inquiry are not able to differentiate between inner-and outer-sphere complexation effects. In contrast, the spectroscopic examination offers a direct insight into the inner-sphere coordination of the metal ion. Hall and Herniman, 5 and later Yakovlev and Kosyakov, 8 showed minimal spectral changes for Am 3þ ion present in aqueous solutions containing up to 6 mol L À1 chloride ion, emphasizing the outer-sphere coordination by this anion. In contrast, the presence of nitrate invokes significant changes in the optical absorption features of Am 3þ ion, allowing for the calculation of logb 1 when using spectral information. Rao and Tian studied complexation of trivalent neodymium with nitrate using spectrophotometry, reporting logb 1 ¼ -0.19 AE 0.02 at I ¼ 1.0 mol L À1 . 32 The authors concluded that both inner-and outer-sphere neodymium nitrate complexes are present in the investigated mixtures, but changes in optical absorption are indicative of inner-sphere complexation. 32 The resolved stability constant for the formation of Am(NO 3 ) 2þ complex in 1 mol L À1 H þ ClO À 4 , NO À 3 À Á (logb 1 ¼ -0.14 AE 0.02) agrees well with this study. The stability of Nd(NO 3 ) 2þ complex was also assessed calorimetrically by Bonal et al., who reported logb 101 of -0.15 at I ¼ 2.0 mol L À1 , also in good agreement with the constants reported here. 33 When studying the 5 D 0 ! 7 F 0 transition of trivalent europium in the presence of nitrate using luminescence, Rao and Tian observed inner-sphere complexation only, described by logb 1 of 0.09. 22 Also using luminescence, Breen and Horrocks found ''clear evidence for inner-sphere complexation of Eu(III) by the NO À 3 ion,'' observing logb 1 ¼ 0.15. 21 The authors also postulated presence of EuðNO 3 Þ þ 2 , but were unable to resolve the stability constant. Marcus and Shiloh found no spectroscopic evidence of second nitrate ligand in the inner hydration sphere of americium ion in mixtures containing up to 15 mol L À1 HNO 3 . 34 The authors, based on the qualitative evaluation of the changes observed in the 7 F 0 0 ! 7 F 6 0 transition, extrapolated the formation constant for Am(NO 3 ) 2þ complex only. The refinement of all spectral information for Am 3þ reported here using HypSpec software supported this finding. In all cases, the uncertainties of convergence increased when presence of Am NO 3 ð Þ þ 2 complex was introduced in the model. Since no spectroscopic evidence of further perturbation of the inner hydration sphere of Am 3þ was observed, the second nitrate ligand must form a ''solvent-separated'' ion pair (outer-sphere complex) when coordinating a trivalent felement. Choppin et al. studied the effects of ligand coordination on 4 I 9/2 ! 2 G 7/2 , 4 G 5/2 and 4 I 9/2 ! 2 H 9/2 , 4 F 5/2 transitions of trivalent neodymium. 15 The authors, when addressing the spectral variations resulting from coordination by nitrate, indicated that inner-sphere presence of this ion increases gradually, with dominance of outer-sphere complexation. 15 Such growing disruption of the inner hydration zone of trivalent americium is manifested by the calculated molar absorptivities for Am(NO 3 ) 2þ complex at the 7 F 0 0 ! 5 L 6 0 transition (Fig. 3b ) across the investigated range of acidity. The observed changes are much more substantial, relative to those calculated for Am 3þ ion in perchlorate media, indicating more pronounced activity effects for Am(NO 3 ) 2þ species. The probabilities of electronic transitions may be perturbed by large changes in ionic strength, resulting in the intensity changes as shown by refined molar absorptivity for Am(NO 3 ) 2þ ion. 5 The growing complexity of aqueous electrolyte mixtures, where non-electrostatic interactions may obscure the assumptions that relate the concentrations and ion activities, is reflected in the observed ionic strength impact on nitrate complexation. The stability constants determined using spectroscopy for Am 3þ are highest in 0.5 mol L À1 , decrease until 3.0 mol L À1 , and plateau beyond. Similar ionic strength dependencies for a variety of equilibrium constants have been reported in the literature for simple inorganic anions, carboxylic acids, and polyaminocarboxylates. 35, 36 Increasing presence of non-ideal solution behavior of aqueous electrolytes may thus invoke the spectroscopic sensitivity to activity effects, manifested by the calculated molar absorptivity for Am(NO 3 ) 2þ ion.
